ABSTRACT: Synoptic estimates of phytoplankton biomass and production in the world's oceans are dependent upon ocean colour remote sensing and suitable algorithms developed from simultaneous measurements of photosynthetic parameters and optical properties in the water column. This study presents Photosynthesis-Irradiance (P-I) parameters estimated for a warm-core ring shed from the Agulhas Retroflection, in autumn, in the region of the Sub-Tropical Convergence south of Africa. Comparisons are made between values within the ring, at its edge and outside the ring in surrounding SubAntarctic Water. The l % light depth within the warm-core ring ranged from 38 to 92 m, 40 to 54 m at the edge and 40 to 75 m outside the ring. Chlorophyll a (chl a) concentrations in surface waters increased from ca 0.43 mg m-3 within the ring to about 1.0 mg m-3 at the nng edge and outside the ring. Size-fractionated chl a demonstrated that >56 % of the phytoplankton were <20 pm in size within the warm-core ring while outside the ring this figure was about 30%. Picoplankton < 3 pm made up between 8 and 9 % of the biomass at all sites. Considerable variability in photosynthetic parameters was found at all stations. Overall, the mean surface P ' , , , (max. production rate) and aB (initial slope of P-I curve) were 1.59 f 0.13 mg C (mg chl a ) -' h-' and 0.046 + 0 01 mg C (mg chl a)'' h-' (PE m'2 S-')-' Throughout, aB was higher at 100 m and Ik (irradiance of saturation) lower. Production integrated to 100 m was lowest inside the ring (287 mg C m-2 d-l), intermediate outside (404 mg C d-') and highest at the ring edge (453 mg C m-2 d-l). We argue that production within the warm-core ring is limited by convective instability while outside the ring photosynthesis is probably limited by light, since nutrients are non-luniting. The edge of the ring exhibits highest production because of stability conferred by the warm-core ring water and a more favourable light environment. In terms of defining 'bio-optical provinces' based on remote sensing and photosynthetic parameters, we have identified a hydrographic area south of Africa covering the Sub-Tropical Convergence (STC) where there are reliable Coastal Zone Colour Scanner data which provide an average annual chl a concentration estimate of 0.49 mg m-3. For this area we estimate total production integrated to 100 m to range from 10.5 X 102 to 16.5 X 102 t C yr-', ca 0.5 to 0.8 % of the global oceanic production. This confirms the importance of the STC as a potential biogenic sink for atmospheric CO2.
INTRODUCTION
The global monitoring of oceanic phytoplankton production to estimate photosynthetic 'draw-down' of atmospheric CO2 using satellite imagery with ocean colour sensors and well-developed algorithms has recently received much consideration (Platt et al. 1988 , More1 & Berthon 1989 , Mueller & Lange 1989 , Sathyendranath et al. 1989 , Kuring et al. 1990 ). Satehtes are being increasingly used to overcome the restraints on ship-based sampling of highly variable oceanographic features (Kunng et al. 1990) . A collage of regional chlorophyll 'maps' of the surface layer of the water column and sea-surface irradiance information have previously been derived from the NOAA NIMBUS 7 Coastal Zone Colour Scanner (CZCS) data (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) and transformed into production 'maps' of the euphotic layer using ship-based data, although coverage was incomplete. Future remote sensing of ocean colour by, amongst others, the sea-viewing wide-field-of-view sensor (Sea WiFS), to be launched by NASA on the SeaStar mission in August 1993, will provide improved chl a concentration estunates with improved corrections for atmospheric aerosols and non-chlorophyll reflecting particles in the water column. Nevertheless, reliable and extensive 'ground truthing' of vertical pigment profiles, photosynthetic parameters and optical properties of the water column are required to accurately estimate water column production based on region-specific algorithms (Sathyendranath et al. 1989) . These observations will assist international climate change programmes (e.g. Joint Global Ocean Flux Study) to divide the world oceans into 'bio-optical provinces' and provide one of many approaches in the estimation of basin-scale primary production.
The relationship between phytoplankton production and irradiance is central to the understanding of phytoplankton ecology and physiology and has for many years been used to estimate primary production in the ocean. Parameters derived from this relationship include PBm,, a measure of photosynthetic capacity, and aB, the initial slope of the P-I curve and a measure of the quantum efficiency of photosynthesis. In many cases photoinhibition is evident at high light intensities; this can be quantified by the parameter, P, the negative slope of the decline in photosynthesis beyond the optimal light intensity. Two additional lightdependent parameters can be derived from the above: Ik (= pBm,laB), the light intensity at the onset of photosynthetic saturation which may also be referred to as the index of photoadaptation and is a good indicator of photosynthetic efficiency at low light levels; and I,,, the light intensity where photoinhibition first becomes apparent.
Photosynthesis-irradiance curves therefore provide essential information defining spatial and temporal variability in light-dependent phytoplankton production by means of the described parameters. Variations in the parameters can be explained by environmental or growth conditions, depth, region and season and ultimately lead to a better understanding of algal physiology and water column production. With respect to in situ rates of primary production, the data derived from P-I curves are used effectively in, and contribute invaluable data towards, the setting up and development of algorithms essential to the remote sensing of integrated water column production.
The Southern Ocean south of Africa in the region of the Sub-Tropical Convergence (STC) is considered to be a particularly significant sink for atmospheric CO2 due to elevated chl a concentrations, particularly on the northern edge of this front (Plancke 1977) and because of surface water subduction associated with South Atlantic Central Water formation (Lutjeharms et al. 1985) . Chlorophyll concentrations in the frontal region have been recorded up to 1.7 mg m-3 (Boden 1988) compared to values of <0.5 mg m-3 for the surrounding water (El Sayed et al. 1979 , Allanson et al. 1981 , Boden 1988 , Perissinotto et al. 1992 . Satehte imagery colour composites show that the STC exhibits a strong seasonal and inter-annual signal that extends from South Africa almost to Australia with the greatest activity associated with the Agulhas Retroflection boundary where thermal gradients are strongest (Weeks & Shillington unpubl.). However, this region and the Southern Ocean in general, recognised to be important by JGOFS in terms of CO2 flux and climate change, is characterized by a paucity of data concerned with remote sensing and biogenic CO2 drawdowrsrEddies and warm-core rings are regularly shed from the Agulhas Retroflection in the region of the STC. An average of 9 rings are formed annually, some lasting as long as 2 years (Lutjeharms 1989 , Duncombe Rae 1991 , Gordon et al. 1992 . Movement is generally towards the southeast Atlantic (Gordon 1985 , Lutjeharrns & Valentine 1988 ) which contributes to the control of the temperature and salt flux between the Indian and Atlantic oceans as Indian Ocean water enters the South Atlantic at a rate of between 3 and 20 X 106 m3 S-' (Duncombe Rae 1991, Gordon et al. 1992) . The STC itself is a well-defined but highly variable feature due to latitudinal movements of the front and frequent eddy shedding (Lutjeharms 1989) . It is also often characterised by high primary productivity (up to 88 mg C m-' h-'; Boden 1988) on its northern edge due most likely to improved vertical stability and mixing of nutrient rich Sub-Antarctic Surface Water into the nutrient impoverished Agulhas Current Waters (Allanson et al. 1981 , Lutjeharms et al. 1985 .
On a voyage of the MV 'SA Agulhas' to Marion Island (Prince Edward Islands, 46" 54' S, 37" 45' E) in April 1991 (austral autumn) a warm-core ring was identified and studied with the objective of estimating primary production, heat and CO2 flux. Here we report on the measurement of photosynthesis-irradiance parameters and the calculation of daily water column production which will provide much needed shipbased data to be linked to future remote sensing and regional algorithm development.
METHODS
Study area and hydrography. A total of 37 stations were sampled along transects through the warmcore ring shed from the Agulhas Retroflection in the region of the Sub-Tropical Convergence zone, 42" 30' S, 22" 40' E (Fig. 1) . Temperature profiles to 800 m were obtained using expandable bathythermographs (XBTs) and a conductivity temperature depth probe (CDT) was deployed to 500 m to determine the temperature-salinity structure. Water samples were collected in 8 1 Niskin bottles for chl a and nutrient profiles. Thirteen stations were used as 'production stations' where light attenuation curves were calculated using a Biospherical Instruments 4rc spherical underwater scalar irradiance sensor (QSP-200D) and a solar hemispherical sensor (QSP-240) for ondeck referencing. Surface (100% light) and 100 m (<0.1 % light) water samples were used to estimate photosynthetic parameters. All water samples were kept in the dark until processed. Surface water samples were incubated immediately and the deep samples were processed after the first incubation, within 2 h. Of the 13 daily production stations, 6 were three 48 h stations with 2 day-time data pairs each. Although the data pairs were collected at the same coordinates, they were not necessarily from the same water as the hydrographic system is particularly dynamic. The sample pairs have therefore been treated as 2 separate stations. All production stations were undertaken at approximately 08:OO h local time. For the first 2 production stations (88 & 105) the deep sample was taken at 40 and 44 m respectively (the l % light depths) instead of sampling at 100 m. The thermocline at Stn 88 occurred at 20 m; above the 1 % light depth. The deep sample of this station was therefore included with the other 100 m samples. At Stn 105 the thermocline was below the 1 % light depth and so, for consistency, the deep sample of this station was excluded from the data.
After using the XBT data to determine the 10°C isotherm around and witlun the ring, we subjectively dlvided the stations lnto those occurring where the 10 "C isotherm was shallower than 250 m depth (outside the ring), those where the l 0 "C isotherm was between 250 and 500 m (ring edge) and those where the 10°C isotherm exceeded 500 m (inside the ring). This gave 14 stations outside (5 production), 11 stations.inside (4 production) and 12 stations at the ring edge (4 production).
Chlorophyll and primary production. After filtration of between 500 and 1000 m1 seawater through c200 and <20 pm Nitex plankton screens and through <3 pm Nuclepore filters, the samples were finally filtered onto Whatman GF/F filters. Chl a in the 3 fractions was then extracted in 90 % acetone after Parsons et al. (1984) and measured with a Turner 111 scaling fluorometer. Nutrients (NO3, NOa, PO, and Si ) were measured using a Technicon I1 AutoAnalyzer.
Phytoplankton production was measured using a photosynthetron (Lewis & Smith 1983) in which small volume (1 ml) short incubation time (40 min) I4C incorporation was used to provide measurements of total Experimental procedures similar to those of Lewis & Smith (1983) were used. The specific activity of the I4C was 608 pCi m g -' and a concentration of 10 pCi ml-' was used for each sample. A 2000 W tungsten-halogen lamp was used as a light source: photon flux ( I ) ranged from 0.33 to 1132.51 pE m-2s-'. Samples were counted in a Beckman Liquid scintillation counter with efficiencies determined by the channels ratio method. Photosynthesis-Irradiance (P-I) models were fitted to the data using non-linear regression analysis to calculate the photosynthetic parameters, PB,,, and a B . The model of Webb et al. (1974) fitted those plots not showing photoinhibition (symbol notations for Eqs. 1 to 10 are given in Table 1) : 
Integrated production. To extrapolate from 2 point values of primary production, profiles of algal biomass 
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and light are used to calculate integrated primary production. The assumption frequently made of a uniform biomass profile can lead to large errors, especially when establishing algorithms for interpreting satellitederived data (More1 & Berthon 1989 , Sathyendranath & Platt 1989 ). Many of the biomass profiles for this study showed sub-surface chlorophyll maxima. Consequently, a Gaussian curve was fitted to the data from which parameters were derived for the calculation of biomass at any depth z, so that where B. = baseline pigment concentration (mg m-3); o = width of the chlorophyll peak (m); z , = depth of the chlorophyll maximum (m); and h = total biomass above the baseline (mg m-'). The light profile is calculated as follows: Light at depth z is
where K, = total attenuation coefficient and is itself a function of biomass and suspended particles:
K, (light attenuation due to water) and K, (attenuation due to phytoplankton and other covarying substances) were not measured. Average K, was measured and assumed to be K, for the mixed layer depth. This was plotted against B, calculated for the depth of the mixed layer for each station and then K, and K, were derived as the intercept and the slope respectively of this plot. Thus K, for any depth z can be calculated. Continuous measurements of photosynthetically available radiation (PAR) were not taken during the cruise. Consequently, to derive accurate estimates of water column production, daily irradiance was calculated according to Platt et al. (1990) on the basis of average insolation with 75 % cloud cover for the appropriate latitude. To reduce additional variation in the data, all sampling days and all samples were treated in the same manner. Julian Day 112 was used (mid-date of the sampling period) as was latitude 42' S. During the cruise an average daily cloud cover of approximately 75 % was recorded. Maximum noon photon flux under these conditions was thus calculated to be 745.5 FE m-2 S-'. P-I parameters (PB,,,,, and aB) were only calculated at the surface and at 100 m for each station. The surface parameters were assumed to be constant throughout the mixed layer, where the mixed layer was less than 100 m outside the ring and at the ring edge. PB, , , , , and aB were assumed to increase or decrease linearly between the mixed layer depth and 100 m. Inside the ring the mixed layer was always > 100 m. A linear regression for PBma, and aB was calculated between the surface value and the 100 m value and used to generate PBm,, and aB at any depth interval. Thus: where and therefore 0 IP = c P,.
For the 7 samples showing photoinhibition, the dimensionless parameter P/aB was never >0.020. The effects of photoinhibition were therefore considered negligible and ignored with respect to daily water column production (see Platt et al. 1990) .
RESULTS

Hydrography
The anti-cyclonic warm core ring, situated at 42' 11.8' S, 22" 13.7' E had a diameter of f 200 km and was characterised by the extension of the 10°C isotherm down to 750 m at its centre. Its maximum geostrophic velocity was 1 m S-'. Temperaturehalinity @/S) plots (Fig. 2) showed 2 separate water bodies; one characterised by warm saline water (Table 2) colder, less saline and showed a reduced thermocline depth ranging from 12 to 80 m. At the confluence of these 2 water bodies, at the ring edge, salinities and temperatures were intermediate and more variable ( Table 2 ). The distinction between the different water bodies was lost below about 750 m where the 0/S plots showed convergence at a potential temperature of ca 8 "C. The 1 % light depth ranged from 40 to 75 m outside the ring, 40 to 54 m at the edge of the ring and 38 to 92 m inside the ring. A more detailed description of the physical properties of the ring is given by Rigg (1991) . about 500 m depth, all nutrient concentrachlorophyll a concentrations through the warm-core ring tions had increased by at least a n order of magnitude.
Chlorophyll and primary production
Considerable variability was found in the photosynthetic parameters (Table 5 ) leading to little distinction An inverse relationship between surface temperabetween the regions (Table 3) . At the surface, the coture and surface chl a biomass was found (Fig. 3) . Chl efficient of variation (CV) ranged from 10 to 22 % a concentrations decreased from ca 1.0 mg m-3 outside between regions for PB,,,, an and Ik while at 100 m, CV and at the ring edge to ca 0.4 mg m-3 in the warmer was between 15 and 25 %. Within each region, CV ring centre (Table 3) . Size-fractionated surface chl a ranged from over 100 % for aB at 100 m outside the ring showed that about 56 % of the phytoplankton were to 20 % for Ik at 100 m inside the ring. Because of the nano-and picoplanktonic (c20 pm) in the ring centre lack of clear regional distinctions in photosynthetic (Table 4) . These smaller cells constituted only about parameters we averaged PBm,,, aB and Ik for all surface one-third of the phytoplankton biomass outside the and 100 m stations. Mean PBm, at the surface was 1.59 ring and at the ring edge. Depth-related differences in f 0.13 mg C (mg chl a)-' h-', similar to that at 100 m chl a concentration showed chl a outside the ring to Depth-related differences in all 3 regions were 0.41 f 0.08 at 100 m was observed (Table 3) . In some highest for aB and Ik while PBm,, inside the ring cases, chl a concentrations at 100 m were found to be 2 showed greater variability between surface and orders of magnitude lower than surface concentra-100 m samples than either outside the ring or at the tions. In the centre of the ring, depth-related differring edge. ences were negligible and average chl a concentraPhotoinhibition occurred in 7 samples; 3 at the surtions at the surface and at 100 m were similar (0.43 + face and 4 at 100 m (Table 6 ). Optimal photosynthetic 0.02 and 0.55 f 0.11 mg m-3 respectively). light intensity or photoinhibition threshold, I,, ranged Surface nitrate concentrations averaged 1.54 f from 93.3 to 182.0 pE m-2 S-'for surface samples and 0.17 pm01 1-' in the centre, 2.54 + 0.32 at the edge typically 147.9 to 190.7 for deep samples, but only 36 and 5.17 + 1.00 outside the ring (Table 3) . Nitrate for Stn 147. I,,, the index of photoinhibition, ranged concentrations outside and at the edge were roughly from 1729 pE m-' S-' inside the ring to 5479 at the ring 3 pm01 1-' higher at 100 m than they were at the edge (Table 6 ). lower chl a concentration found here, the statistical separation of the 3 regions is insignificant.
DISCUSSION
Hydrography
The hydrographic significance of warm core rings Integrated production shed from the Agulhas Current Retroflection has become better understood recently. The entrainment Calculations of integrated water column production of warm salty Indian Ocean water into the South to 100 m are presented in Table 5 . Average hourly proAtlantic has a significant effect on the heat and freshduction ranged from 22.9 to 65 mg C m-2. Mean intewater budgets of the Atlantic Ocean, thereby affecting grated production was highest at the ring edge: 453 i global climate through ocean-atmosphere heat and 56 mg C m-2 d-' as opposed to 404 f 78 and 287 k 24 water fluxes. Indian Ocean water enters the South outside and inside the ring respectively. Although proAtlantic at between 3 and 20 X 106 m3 S-', driven pri- Table 5 . Production station data for the 3 regions showing latitude and longitude, chlorophyll a (mg m-3) and nitrate concentrations (pm01 I-'), photosynthetic parameters (units as in Table 3 ) and Integrated daily water colun~n production, JP (mg C m-' Gordon et al. 1992 , Griindlingh 1992 ). Persistent and cool westerly and southwesterly winds throughout the year cause rapid heat loss from the Agulhas Retroflection and associated rings. Water temperatures may decrease by ca 1.35 "C per month in the winter and by ca 0.25"C per month in the summer. The closer the Retroflection or the rings are to the cold STC zone, the more rapidly they lose heat -as much as 200 W m-2. In general, heat loss to the atmosphere is varied but even during the summer months it can exceed 100 W m-2 and in doing so changes the temperature, salinity and density structure of the surface mixed layer (Walker & Mey 1988 , Gordon & Haxby 1990 .
The ring examined during this study was characterised by warm saline water (ca 17.2"C, 35.6%0) reminiscent of Agulhas Current water and indicative of a warm Agulhas Retroflection eddy. The deep mixed layer (> 140 m) in the centre of the ring is maintained through convective overturning when colder surface water at the edges is drawn into the centre as heat is lost to the atmosphere. At the base of the ring the warmer water dissipates heat into the surrounding ocean. Outside the ring the low salinity water (ca 34.5%0) was characteristic of Sub-Antarctic Surface Water while the intermediate salinity (ca 35.0%0) at the edge of the ring arises from mixing processes across the boundary (Whitworth & Nowlin 1987) . Water of decreasing salinity and temperature (from 8 to 3.5 "C) shown in the €)/S plot (Fig. 2) is indicative of Central SW Indian Ocean Water formed by subduction at the STC. Lowest salinity corresponded with water of 3.5 "C; a feature of Antarctic Intermediate Water, while increasing salinity at about 3000 m characterises North Atlantic Deep Water (Whitworth & Nowlin 1987) .
The life span of such rings can be very varied. Some may last 2.5 yr (Gordon & Haxby 1990 ) while others may be undetectable to satellite thermal infrared imagery after 100 d although remaining visible to altimetry observations (Wakker et al. 1990b , Griindlingh 1992 . Intermittent thermal infrared images indicated that this particular warm core ring had probably been in the same area for about 6 mo before we examined it. Afterwards, images showed that the ring was temporarily re-incorporated into a southerly filament of the Agulhas Retroflection (April) and released again towards the STC zone in August.
Phytoplankton biomass
Throughout the study region chl a concentrations ranged from 0.13 to 1.12 mg m-3 and are comparable to previous records for the same area (Plancke 1977 , El Sayed et al. 1979 , Allanson et al. 1981 , Boden 1988 , Perissinotto et al. 1992 . Nevertheless, over scales of <50 km there were discrete differences in chlorophyll concentrations. In the ring centre, chlorophyll concentrations at 0 and 100 m averaged 0.43 and 0.56 mg m-3 respectively while at the edge values were 0.92 and 0.41 mg m-3 respectively and outside the ring they were 1.10 and 0.26 mg m-3 respectively.
An explanation for these observed differences requires a consideration of the light and nutrient environment as well as mixing depth, grazing pressure and community composition. Although nitrate concentrations were lowest inside the ring (1 to 2 ~m o l 1 -l ) , this is not normally considered limiting, particularly for the nano-and picoplankton which dominated here (56 % by biomass) as they characteristically exhibit low V, , (maximum possible growth rate) and K, (nutrient concentration at 0.5 V,,,) values, allowing them to be competitive at low ambient nutrient concentrations and low rates of nitrogen regeneration (Furnas 1982 , 1990 , Probyn 1985 , Probyn & Lucas 1987 , Weber & El Sayed 1987 . Similarly, PO, and Si concentrations were not considered to be limiting. Nevertheless, reduced Si concentrations outside the ring (1.61 + 0.09 pm01 1-l) relative to within the ring (2.95 k 0.05) may reflect the absence of diatoms in the nano-and picoplankton dominated community inside the ring. Furthermore, the observed PB,,, values for all regions and for both surface and deep communities showed no regional or spatial differences, suggesting that the community was capable of photosynthesising maximally under favourable light conditions without evidence of nutrient stress.
A more likely explanation for the observed biomass differences is to be found in an examination of the mixing depth, the light environment and the photo-adaptiveness of the community (Ik).
For the STC latitude of 42' S and for 21 April (Julian Day 112), the light model of Platt et al. (1990) predicts that maximal noon PAR would be 745.5 pE m-' S -' . This translates into a value of 7.5 pE m-' S-' at a measured l % light depth of between 38 and 92 m within the ring where the average mixing depth was > 140 m. Ik, the derived parameter signifying the onset of light saturation for the comn~unity within the ring ranges from 16 to 60 pE m-' S-'. The average Ik at 100 m (29 pE m-2 S-') is equivalent to the 26 % light depth or +_ 15 m within the ring. Clearly then, the optimal photosynthetic depth is considerably shallower than the mixing depth of 140 m. While this type of analysis does not preclude photosynthesis at depths greater than that equivalent to Ik, this procedure does provide some measure of comparative analysis. We can do this in the form of ratios of mixing depth 2-/l % light depth (z,,) and z!,/zLarger values for the former and smaller values for the latter would point towards light hmitation. A value of unity for zlk/z, would imply that the phytoplankton community could photosynthesise maximally over the entire mixing depth while values of < 1.0 would imply that cells will experience light conditions unfavourable for maximum photosynthetic rates. Such an analysis for the 3 regions is given in Table 7 .
Our analysis does indeed suggest that the light environment experienced by the phytoplankton community within the ring is least favourable while that outside the ring and particularly at the ring edge, is more favourable. It seems likely therefore that the low phytoplankton biomass recorded within the ring (0.43 f 0.02 mg m-3) is caused by deep convective mixing because of heat lost to the atmosphere which reduces water column stability, creating an unfavourable light environment. This was apparently particularly so for the netplankton community which dominated (62 %) in the better light and nutrient environment at the ring edge and outside the ring where the mixing depth was, on average, shallower than the euphotic depth (Table 7) . The increased thermal stability and reduced mixing depth at the ring edge is clearly shown by the 10°C isotherm which demonstrates the warming influence of the ring on the surrounding cooler water (Rigg 1991) .
Similar explanations for the control of phytoplankton biomass, size-structure, production and enhanced biomass in coastal waters and at oceanic fronts have been Holligan et al. (1984) , Le Fevre (1986) and McMurray et al. (1993) . Our size-based biomass results agree with other studies in the Southern Ocean. Several studies in the Antarctic region (Hewes et al. 1990 , Holm-Hansen & Mitchell 1991 , Jacques & Panouse 1991 and in the Sub-Antarctic (El Sayed et al. 1979 , Perissinotto et al. 1992 have shown that regions of high biomass such as frontal systems and the marginal ice-edge zone are generally dominated by netplankton while low biomass waters have an abundance of nanoand picoplankton. El Sayed et al. (1979) report a 70 to 100 % contribution by nanoplankton to the biomass of phytoplankton in the region of Crozet and Marion Islands (Southern Ocean). El Sayed (1988) notes that total integrated water column production averages about 66 % nanoplankton in Antarctic studies with picoplankton (< 2 pm) often dominating the upper water column.
Grazing pressure by mesozooplankton and microzooplankton have undoubtedly also ~nfluenced the biomass and size-class spectrum although we have no data on this. It should also not be forgotten that the origin of the differing water masses may historically determine the community size-structure and biomass; particularly that of the warm-core ring whose water and entrained planktonic community probably originate from the subtropical region of the Madagascar channel.
Photosynthetic parameters and primary production
Despite temperature, salinity, nitrate and biomass differences between the inside of the ring and the surrounding water, there is considerable variability in the photosynthetic parameters, PBm,, and a' and the derived parameter I,, which obscures the relationship between photosynthesis and these bio-geochemical parameters. This is compounded by a lack of data on species composition.
As cells within the ring are likely to mix to 2 to 3 times as deep as the 1 % light depth because of convective overturning, we might have expected to see shade-adapted P-I parameters. We found no evidence for this. On the other hand, at the ring edge the upper mixed layer (UML) was at least 10 m and at times over 20 m shallower than the 1 % light depth. Here we could have expected surface populations to be adapted to higher light levels portrayed by low aB and high Ik values. However, the opposite was found, with mean surface aB and Ik being highest and lowest respectively. Certainly the deeper populations at 100 m and therefore below the UML should have exhibited dark adaptation as they would rarely have found themselves within the euphotic zone, nominally but not necessarily the 1 % light depth. This is partially confirmed by the mean aB at 100 m being high and Ik low although both showed marked variability. Outside the ring, surface Ik was on average higher, and aB lower, indicating better adaptation to increased light levels consistent with an z,,/z,, value of near unity ( Table 7 ) which implies that cells generally mixed entirely in the euphotic zone. However, we cannot explain the better apparent adaptation to light at stations (105 & 127) where mixing was below the euphotic zone.
Our results compare well with other studies at approximately the same latitude and elsewhere in the Antarctic area. For this region Allanson et al. (1981) recorded PBm, between 0.44 and 1.12 mg C (mg chl a ) -' m-3 while R. K. Laubscher's data (unpubl.) were more varied and PBm, ranged from above 6 to below 0.4 mg C (mg chl a)-' m-3. During the Antarctic summer Tilzer et al. (1985) found an average PBmaX of 0.687 f 0.23 mg C With deep and slow mixing there is the potential for surface and deep populations to exhibit photoadapted P-I parameters characteristic of high and low light intensities respectively. These expected differences between surface and deep phytoplankton populations were apparent in all 3 hydrographic areas. In all regions Ik was lower and aB was higher for the deep samples indicating the anticipated enhanced adaptation to low light intensities with depth and indicative of a longer time spent in conditions of low light intensity. Differing regional phytoplankton taxonomic groups may also contribute to these effects. Harrison & Platt (1986) recorded higher aB values with depth at similar latitudes in the northern hemisphere and Brightman & Smith (1989) found lower Ik values at 50 m than at the surface in Antarctic waters during the winter. Contrasting light regimes at the surface and at 100 m in all 3 regions are also likely to result in a differing depth related species composition. The maximum photosynthetic rate, PBma,, was always lower at 100 m except inside the ring indicating some physiological differences caused by community effects. Harrison & Platt (1986) found that on a daily basis community structure was most important in accounting for depth-related differences in PBmax. Species composition was not examined during this study but the dominance (56 %) of nano-and picoplankton inside the ring and netplankton in the surrounding water (61 %) suggests regional differences in population and or species structure. We can only speculate that this might account for trends in some of the photosynthetic parameters.
Despite uniform NO3 concentration profiles we cannot exclude the likelihood that nitrogen re-supply rates in the deeper water exceed those in the surface, therefore enhancing primary production, although Harrison & Platt (1986) noted that neither phytoplankton biomass nor nitrate concentrations appeared important in explaining variations in photosynthetic parameters.
The onset of photoinhibition occurred at very low light levels (c200 pE m-2 S-'), lower even than some winter Antarctic populations (Brightman & Smith 1989) . Harrison & Platt (1986) found that a photoinhibition index, Ib, of 5000 W m-' indicated that the photoinhibitory effects of light were minimal. We found that Ib ranged from 1729 to 5479 pE m-2 S -' (ca 416 to ca 1320 W m-2) which signifies relatively large inhibitory effects. That inhibition was not shown in all the samples may also indicate differences in species composition. However, the small number of samples showing inhibition precludes us from drawing conclusions regarding susceptibility to inhibition or threshold irradiances.
Integrated production
Despite variable photosynthetic parameters within the 3 hydrographic regions, daily water column production integrated to 100 m was lowest inside the ring (287 + 24 mg C m-2 d-l), intermediate outside (404 + 78) and highest at the ring edge (453 ? 56). Hourly production rates ranged from a minimum of 23 mg C m-2 h-' inside the ring to a maximum of 66 outside the ring. This range is similar to other data from the Southern Ocean and the Antarctic (Allanson et al. 1981 , Tilzer et al. 1985 , Boden 1988 . Depressed chl a concentrations inside the ring as well as deep mixing resulting in an unfavourable light environment contribute to the reduced production. On the other hand at the edge of the ring where elevated phytoplankton biomass and improved water column stability and light conditions were found, primary production was 35 % greater than in the ring centre and 5 % greater than outside the ring. Water column production was therefore closely related to the mixing depth and light regime as well as regional chl a concentrations. In this study, nutrient concentrations were probably not limiting. We can however conclude that production within the rings is about 30% lower than the surrounding water with daily water column production in the area of the STC being 400 to 450 mg C m-' d-l.
The positive relationship between production and increasing phytoplankton biomass is in agreement with El Sayed et al. (1977) , Plancke (1977) , Allanson et al. (1981) and El Sayed (1988) for the same study area and for the Antarctic summer and winter months (Tilzer et al. 1985 , Brightman & Smith 1989 . Laws et al. (1990) report the same pattern for mid-latitudes in the northern hemisphere. Nevertheless, Table 8 shows that daily water column production can vary enormously, particularly in the Southern Ocean due mainly to extremes in algal biomass resulting from physical influences. In the open ocean biomass and productivity are lowest (Plancke 1977 , Allanson et al. 1981 , El Sayed 1988 . Elevated chl a concentrations typify frontal zones such as the STC and the Antarctic Polar Front (Allanson 1981 , Boden 1988 while maximum phytoplankton biomass and productivity have been recorded for the marginal ice-edge zone (Tilzer et al. 1985 , Mitchell & Holm-Hansen 1991 and in particular the Sub-Antarctic islands (El Sayed 1988 , Perissinotto et al. 1992 . Water column stability created by ice melt may provide the necessary conditions for phytoplankton blooms during the Antarctic summer while the 'island mass effect' is responsible for greater and more persistent blooms surrounding the Sub-Antarctic islands (Table 8) .
The physical processes causing elevated biomass at the ring edge are similar to those acting at most high-latitude oceanic fronts although on a smaller scale. At rnidlatitude coastal shelf fronts such as the Ushant Front of the western English Channel, the horizontal mixing of amg C m-= h-'; bmg C m-' h-'; =mg C m-* d-' -water introduces nutrients into oligotrophic surface waters to promote biological activity (Holligan et al. 1984 , Le Fevre 1986 , Mann & Lazier 1991 . The STC marks the boundary between warmer and generally nutrient depleted waters to the north and cooler nutrient rich waters of the Sub-Antarctic. Here, an intensification of thermal gradients and the horizontal mixing of nutrient rich waters by subduction is responsible for increased production at the northern boundary (Plancke 1977 , Allanson et al. 1981 , Lutjeharms et al. 1985 . Elevated biomass at the Antarctic Polar Front has been attributed to upwelling and the stimulation of production based on regenerated nutrients a n d o r trace metal (e.g. Fe) availability (Allanson et al. 1981 , de Baar et al. 1990 ) although we consider the light regime as a function of vertical mixing to provide a more likely control mechanism. Similarly, at ring or eddy margins deep nutrient rich water is brought to the surface during isopycnal mixing (Jeffrey & Hallegraeff 1987 , Mann & Lazier 1991 which together with increased thermal stability can account for the increase in chl a concentrations and in primary production.
Synoptic estimates of primary production
Synoptic estimates of phytoplankton biomass and production are dependent upon ocean colour remote sensing and suitable algorithms developed from simultaneous measurements of photosynthetic parameters and optical properties in the water column. At i h s stage it is not possible to link 'ground truth' data to real time remote sensing but we can use past CZCS data to preliminarily define bio-optical or biogeochemical provinces for which there are reliable chlorophyll data.
Using information on the location of the STC (Lutjeharms & Valentine 1984) and calibrated CZCS data, a 7 yr (1979 to 1986) composite of chl a concentrations has been developed for the area between 15 and 48" E and 39 and 43' S (Weeks & Shillington unpubl.). This composit is divided into four 3-mo intervals representative of the 4 seasons. Surface chl a concentrations for the entire 7 yr period ran.ged from 0.15 to 2 mg m-3 (mean = 0.49) but showed no clear seasonal variation. Since most of our stations are within the boundaries of this 'province' and our surface chl a concentrations are similar to those found by Weeks & Shillington (unpubl.) we have used the same area to extrapolate our primary production data to this regional scale. Although Weeks & Shillington (unpubl.) found no clear seasonal variation in surface chlorophyll concentrations there is a 5-fold interannual variability in chlorophyll biomass. It is not known whether there are seasonal differences in sub-surface pigment concentrations or what effect the light regime has on primary production at different times of the year. Nevertheless we have extrapolated our estimates of integrated water column production in the designated area up to a full year for comparative purposes.
For a surface area of 1.264 X 106 km2 and a daily production rate integrated to 100 m or 287 to 453 mg C m-2 d-l, annual carbon fixation in our bio-optical province amounted to between 1.33 X 10-' and 2.09 X 10-' Gt C yr-l. This amounts to approximately 0.5 to 0.8 % of phytoplankton production in open ocean (3.1 X 10' km2) and continental margin (5.9 X 10' km2) seas combined (Walsh & Dieterle 1988) . This confirms the importance of the STC in terms of production on a global scale as it is equivalent to an area1 fixation rate of between 10.5 X 102 and 16.5 X 102 t C km-' yr-' which is intermediate between that of the world's open ocean and continental shelf regions where production is estimated at 6.0 X 102 and 20 X 102 t C km-2 yr-' respectively (Walsh & Dieterle 1988) . The STC south of Africa is therefore potentially a major sink for atmospheric CO2.
While ocean colour remote sensing and P-I provide a useful tool for estimating basin-scale integrated total primary production, there remains the problem of distinguishing between new and regenerated production. It is the former that is available for export to consumers andlor to the benthos through sedimentation processes. To estimate CO2 draw-down, measurements of 'new' production will be needed to augment P-I studies. Some interesting new developments in this are emerging, apart from f-ratio calculations, where the relationship between remotely sensed surface temperature, nitrate concentration and potential new production may yield a complementary approach to that of determining bio-optical provinces alone.
